Brochosomes are ultramicroscopic particles produced in large quantities by the Malpighian tubules of leafhoppers (Insecta, Hemiptera, and Cicadellidae) and applied by leafhoppers as a coat to their integuments. A recent study has described brochosomes on museum specimens of Heteroptera and Psylloidea, suggesting a wider distribution of brochosomes among Hemiptera. Here, I report that the majority of adult Sthenarus rotermundi (Scholtz) (Miridae) and Kleidocerys resedae (Panzer) (Lygaeidae) reared in captivity and handled with clean tools had no brochosomes on them, suggesting that the earlier records of brochosomes in these and perhaps other species outside of the Cicadellidae were due to contamination. Additionally, simple experiments demonstrated that insects can become contaminated with brochosomes via entomological tools that had been in contact with leafhoppers and via preservation in ethanol together with leafhoppers. Contamination of host plants, predators, and parasites of leafhoppers with brochosomes is also expected but remains to be demonstrated.
Introduction
Brochosomes are ultramicroscopic proteinaceous secretory particles, usually 0.3-0.7 µm in diameter, with a characteristic honeycombed surface, that have been originally discovered under an electron microscope on the integuments of leafhoppers, true bugs, mosquitoes, flies, sawflies, and chalcidoid wasps [1] [2] [3] . Later, Day and Briggs [4] discovered that brochosomes were produced in vast quantities by specialized glandular segments of the Mapighian tubules of leafhoppers (Cicadellidae) and suggested that the earlier records from other insect taxa had been due to contamination. After molts, adult and often also immature leafhoppers release brochosome-containing liquid secretion through their hindguts and actively distribute these particles over their integuments as a nearly continuous hydrophobic coat, which is thought to protect leafhoppers from getting trapped into their liquid excrement [5] . The distribution process is facilitated by specialized rows and groups of leg macrosetae, which coincidentally serve as important diagnostic characters of the Cicadellidae, suggesting that the evolution of this hemipteran family was intimately associated with brochosomes [6, 7] . After the study by Day and Briggs [4] , the idea that brochosome production is unique to Cicadellidae remained unchallenged for a long time, except for a brief report of brochosomes found under SEM on the legs of Cercopoidea [8] . However, a recent well-illustrated study by Wyniger et al. [9] has reported brochosomes on museum specimens of 16 species from 7 heteropteran families (Berytidae, Lygaeidae, Miridae, Plataspidae, Rhopalidae, Saldidae, and Tingidae) and one species of Psylloidea. The authors suggest that brochosomes are in fact widely distributed among Hemiptera, although in the non-cicadellid lineages they are typically produced in much smaller quantities. This view challenges not only the idea of brochosomes as one of the key innovations in the evolution of Cicadellidae, but also their hypothetical primary function as a protective biomaterial. The authors admitted that their observations required fur ther confirmation, because neither the production of brochosomes in the Malpighian tubules or other organs, nor any associated behaviors for their transport onto the integuments had been documented for Heteroptera or Psylloidea. Their data [9] derive credibility primarily from two sources: brochosomes have been found in at least two individuals of each reported species and on many specimens brochosomes occurred in large numbers (most often on the Psyche legs). It appears, however, that the authors included only positive records: no individuals without brochosomes are mentioned, and the total number of individuals examined for each species is not indicated. Moreover, the observations have been made during a survey of dry museum-preserved specimens collected by various collectors, possibly with different techniques, and clearly not with the purpose of documenting the taxonomic distribution of brochosomes. Another recent report of brochosomes, in a species of Miridae [10] , has the same flaw. Similarly, Frost et al. [8] provided no details on their collecting and handling methods, suggesting that no special precautions were observed to avoid possible contamination of their cercopoid specimens. Hypothetically, contamination with brochosomes may occur as a result of collecting and handling cicadellids and other insects using the same equipment (aspirators, killing jars, sweep nets, and forceps) or preserving cicadellids in ethanol together with other insects. Additionally, predators and parasitoids of cicadellids may become contaminated with brochosomes via natural contacts.
In the present study, we examined adults of two heteropteran species listed by Wyniger et al. [9] as bearing brochosomes, Sthenarus rotermundi (Scholtz) (Miridae), and Kleidocerys resedae (Panzer) (Lygaeidae). Among these, S. rotermundi has previously been described as displaying the largest amounts of brochosomes among the examined heteropteran species [9] . We used adults reared in the laboratory from immature stages and handled with precautions to avoid contact with leafhoppers or leafhopper-contaminated surfaces. Additionally, we tested whether brochosomes can contaminate insects via shared entomological equipment (an aspirator) and via ethanol.
Materials and Methods
Nymphs of S. rotermundi were collected from white poplars in the city of Moscow, Russia, and reared on cut poplar shoots inside clean 50 mL Corning tubes. Twenty adults were killed two weeks after the final moult and examined under SEM. Because in the previously studied heteropterans, the largest amounts of brochosomes have been found on the legs [9] , the legs were chosen to search for brochosomes. For each individual, one posterior tarsus, tibia, and femur and one anterior tarsus, tibia, and femur were examined at random points at the 10,000x magnification. Five to 26 (average, 11) photographs per individual were taken for documentation.
Nymphs of K. resedae were collected from birch in Kiel, Germany, and reared on cut birch catkins inside plastic Petri dishes. Fifteen adults were killed two weeks after the final moult and examined under SEM. Because in this species, Wyniger et al. [9] had found brochosomes on both the legs and corium, one forewing and one posterior tarsus from each individual were screened at the 10,000x magnification. Photographs were taken for documentation at three random points for each body part.
To test whether insects get contaminated with brochosomes when preserved in ethanol together with leafhoppers, 27 Drosophila melanogaster Meigen fruit flies from a lab culture and five Igutettix oculatus (Lindberg) adult leafhoppers were kept together in 70% ethanol within a closed 2 mL plastic microcentrifuge tube for two weeks. Five flies were later pulled out and examined under SEM.
To simulate contamination via entomological equipment, we placed three D. melanogaster for three minutes within an empty 50 mL plastic Corning tube previously used for aspirating a large number of live Alebra sp. leafhoppers. The flies were subsequently examined under SEM.
All specimens were sputtered with gold and examined under a Vega 3 Tescan scanning electron microscope.
Results
On 14 out of 20 S. rotermundi and 13 out of 15 K. resedae individuals, no brochosomes were observed ( Table 1 ). The total of one to two brochosomes per individual were recorded in two K. resedae and three S. rotermundi individuals. In the remaining three S. rotermundi, the total of 7, 14, and 18 brochosomes were found. The largest concentration of brochosomes observed was 12 particles in a 8 × 11 µm field of view (Figure 1(a) ). The entire set of 310 micrographs of the two species is available from the author upon request.
Both the D. melanogaster flies stored in ethanol together with leafhoppers and those kept in the leafhoppercontaminated aspirator carried individual brochosomes or their groups on various body parts (Figures 1(b)-1(d) ).
Discussion
My observations on the two heteropteran species reared in captivity are in stark contrast with the results reported by Wyniger et al. [9] . The majority of individuals had no brochosomes on the examined body parts, and the minority had only a few brochosomes. The discrepancy is particularly striking in the case of S. rotermundi, characterized [9] as the species showing the highest abundance of brochosomes within the investigated Heteroptera and always displaying high number of brochosomes on various body parts, including the tibiae and tarsal segments. The only explanation consistent with the idea of brochosomes being natural secretory products of Heteroptera [9] would be that the experimental insects did not have enough time to accumulate larger amounts of brochosomes on their integuments during the two weeks after the final moult. Such an explanation is highly unlikely. For comparison, Cicadellidae coat themselves with brochosomes within hours after the final molt, before they commence feeding [11] . It is much more likely that the few brochosomes observed in this study were due to a failure to completely prevent contamination. Although direct contact with leafhoppers was precluded, the insects molted in captivity had been in contact with cuttings of host plants growing in the wild, which potentially may have been contaminated by leafhoppers. Remarkably, the specimens that displayed the largest number of brochosomes were also visibly contaminated with other extraneous particles, including bacteria (Figure 1(a) ). Therefore, the earlier SEM-based records of brochosomes in Cercopoidea [8] , Heteroptera [9, 10] , and Psylloidea [9] are most likely explained by contamination. The ultrastructure of the Malpighian tubules has not been adequately studied in Heteroptera, while in Psylloidea these organs are either completely reduced or, possibly, transformed into the so-called midgut appendages [12] , which have not been studied using electron microscopy. In contrast, the Malpighian tubules of Cercopoidea have been studied at the ultrastructural level in both immatures [13] [14] [15] [16] [17] and adults [18] but are not known to produce brochosomes. It is worth noting that all these hemipterans, but particularly cercopoids, are often collected by the same collectors who collect cicadellids, which increases the probability of contamination.
Among multiple potential routes of such contamination, this study has tested and verified the two most obvious ones: via dry surfaces which had been in contact with leafhoppers and via ethanol. The outer integument of most leafhoppers is completely coated with a sheath of brochosomes [5] . These ultramicroscopic particles easily come loose at contact and adhere to foreign surfaces. As a result, sweepnets, aspirators, killing jars, forceps, and other entomological tools can become contaminated. The same is possible for plant surfaces where leafhoppers concentrate.
Storage of mixed insect samples in ethanol prior to sorting is a common practice. Ethanol does not dissolve or otherwise affect brochosomes, nor it washes most brochosomes off the cicadellid integuments. However, some particles come loose and either mix into solution or, possibly, float on its surface, which leads to contamination.
Another possible contamination route, which is perhaps less likely but more difficult to exclude, is through the Psyche ambient air, which has been shown to contain significant amounts of brochosomes [19] .
Finally, perhaps the most intriguing potential route of brochosome contamination is through natural interactions between predators and parasites and their cicadellid prey or hosts, respectively. It is possible that predation may explain the presence of brochosomes on at least some of the heteropterans examined by previous authors. The bulk of species in which brochosomes have been reported belong to Miridae [9, 10] . Most members of that family are at least facultatively zoophagous, and some are known to prey on cicadellids [20] . Even the species closely associated with particular host plants and appearing mostly herbivorous may be facultative predators. During this study S. rotermundi, closely associated with the white poplar, displayed cannibalism and sucked out small leafhopper nymphs placed into the rearing tubes. Mirids typically grasp their prey with the legs, which is consistent with the fact that in most specimens examined by previous authors [9, 10] brochosomes were found on the legs (which is also compatible with an aspirator or killing jar-mediated contamination scenario). Potential use of brochosomes as tracers of predaceous or parasitic interactions within natural arthropod communities is worth further study. However, such studies require exclusion of other contamination routes, while the results presented here indicate that that may be very difficult.
